The effects of nicotinamide (NIC) on human fetal and adult endocrine pancreatic cells were studied in tissue culture. Treatment of the fetal cells with 10 mM NIC resulted in a twofold increase in DNA content and a threefold increase in insulin content. This was associated with the development of beta cell outgrowths from undifferentiated epithelial cell clusters and an increase in the expression of the insulin, glucagon, and somatostatin genes. DNA synthesis was stimulated only in the undifferentiated cells. Half-maximal doses for the insulinotropic and mitogenic effects of NIC were 5-10 and 1-2 mM, respectively. Islet-like cell clusters cultured with NIC responded to glucose stimulation with a biphasic increase in insulin release (fourfold peak), whereas control cells were unresponsive to glucose. Both control and NIC-treated cells developed into functional islet tissue after transplantation into athymic nude mice. As compared with adult islets, the insulinotropic action of NIC could only be demonstrated in the fetal cells. Our results indicate that NIC induces differentiation and maturation of human fetal pancreatic islet cells. This model should be useful for the study of molecular mechanisms involved in beta cell development.
Introduction
Nicotinamide (NIC) treatment prevents the development of diabetes in experimental animals following administration of the # cell toxins streptozotocin and alloxan ( 1) , as well as the spontaneous diabetes of NOD mice (2) . The mechanism of this effect has been attributed to inhibition of the nuclear enzyme poly(ADP-ribose) synthetase which, if activated during DNA repair synthesis, could lead to a critical decrease in the NAD level ofthe ,3 cells (3) . Other mechanisms, however, may be operative such as free oxygen radical scavenging (4) and inhibition of MHC class II antigen expression on the islet cells (5) . NIC also enhances the recovery from diabetes after 90% pancreatectomy both in rats (6) and dogs (7) , suggesting a stimulatory effect on islet regeneration. Further studies have confirmed that NIC promotes replication of mouse islet cells both in culture (8) and after transplantation (9) . The only other study addressing the effects of NIC on human islets showed a stimulatory effect on the formation of islet-like cell clusters (ICC) in human fetal pancreatic cultures (10) .
Although the results of clinical trials using NIC in newly diagnosed type 1 diabetic patients have not been encouraging (1 1-13) , recent experience in prediabetic individuals suggests that, when started early enough in the course of the disease, NIC administration may delay or prevent the development of type I diabetes ( 14) . These observations have promoted several prospective clinical studies that are currently in progress ( 15) .
Considering the many potent actions ofNIC on pancreatic islet cells in animal models, as well as its use in clinical trials to preserve (3 cell function, we have characterized the effects of NIC on the function, growth, and differentiation of human islets.
Methods
Tissue culture. Human fetal pancreases at 18-24 gestational weeks were obtained through nonprofit organ procurement centers (Advanced Bioscience Resources, Oakland, CA, and International Institute for the Advancement ofMedicine, Exton, PA). Patient consent for tissue donation was obtained by the procurement centers. In addition, our own Institutional Review Board had reviewed and approved the use of fetal tissue for these studies. The pancreases, obtained by dilatation and extraction, were shipped on ice in RPMI 1640 medium (Irvine Scientific, Irvine, CA) containing 10% pooled normal human serum and antibiotics ( 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 1 ttg/ml amphotericin B) and received in the laboratory within 18-24 h. Digestion and culture of the tissue was carried out essentially as described previously ( 16) . Briefly, the pancreases were dissected free of surrounding tissue, weighed, and cut into 1-mm3 pieces. After washing in HBSS containing 10 mM Hepes (Sigma Immunochemicals, St. Louis, MO), the fragments were digested for 15 min in a shaking water For monolayer culture, ICCs were transferred to tissue culture dishes coated with bovine corneal endothelial cell matrix as described previously ( 17) . Nonattached cells were removed after 3 d.
Adult human islets were isolated with an automated method as described previously (18) and shipped on ice. Dithizone staining was used to determine the purity of the islet preparations ( 19) . The same method was used to detect insulin-containing cells in the fetal ICCs.
To quantitate the effect ofNIC on the development ofICCs and the (B cell mass after 7 d in culture, pieces of 10 consecutive pancreases were blotted with filter paper to remove excess moisture, weighed, and treated as above. After 7 d, all ICCs were harvested and counted, and the results were correlated to the original tissue weight.
Immunohistochemistry. ICCs were incubated for 16 h with 0.1 mM bromodeoxyuridine (BrdU), fixed in 4% paraformaldehyde, and embedded in paraffin. 10-,gm sections were stained using the immunoalkaline phosphatase technique (20) for insulin, glucagon and somatostatin and the immunoperoxidase technique (21 ) Insulin release in response to glucose and glucose plus theophylline was studied by perifusion as described previously (23 was used as a negative control. To allow for direct quantitation between transcript levels, riboprobes were adjusted to 1,000 (insulin, glucagon, and somatostatin) or 3,000 (cyclophilin) cpm per probe-specific uridine residue per microliter. Transplantation studies. 500 ICCs, cultured either in standard or 10 mM NIC medium for 7 d, were transplanted under the left kidney capsule of 6-wk-old athymic nude (nu/nu) BALB/C mice. Five mice were transplanted in each experimental group. After 3 mo, fasted mice were given glucose intraperitoneally (3 g/kg) to release human C peptide, which was measured with an RIA that does not cross-react with mouse C peptide (DPC). After obtaining blood samples at 0 and 30 min, the animals were sacrificed and the grafts removed for histological analysis.
Statistics. Statistical significances of observed differences were tested with software for the MacIntosh (Statview II; Abacus Concepts, Berkeley, CA). Student's unpaired t test was used when only two groups were involved, and the variation of data was close to normal. Mann-Whitney U test was used when the data were skewed. Multiple comparisons were done with one-way ANOVA and Fischer's protected least significance difference (PLSD) test using 95% level as the limit of significance.
Results
Culture characteristics. The digested tissue stayed free floating in the form of numerous small cell clusters of Mm in diameter (ICCs). The number of ICCs increased during the first 4 d in culture. In the control medium the ICCs remained rounded and regularly shaped. In contrast, when cultured in medium containing 10 mM NIC, several small outgrowths were seen after 4 d. When stained with dithizone, the majority of the cells within these buds were positive, indicating the presence of insulin-containing cells (Fig. 1 ). In the control cultures, dithizone staining was seen weakly in small areas within the ICCs, and budding cells were rare. When the ICCs were plated on extracellular matrix-coated dishes, the majority of them attached and spread out, forming monolayers as previously described ( 17) . During the first 7 d, the monolayers consisted mainly of epithelioid cells, but fibroblast overgrowth occurred when the cultures were continued. This was more obvious in the presence of 10 mM NIC.
10 mM NIC induced a 48% increase in the number ofICCs developing during culture. The DNA content ofthe individual ICCs was not significantly affected. As a result, the total DNA content of the 7-d cultured tissue was increased 2.1-fold. In comparison, the total insulin content was increased 3.3-fold, suggesting preferential development, or survival, of #3 cells (Table I).
When stained for the pancreatic hormones after 7 d in culture with 10 mM NIC, the majority of the outgrowing cells stained positively for insulin. Many BrdU-labeled cells were also present within the ICCs. As a rule, the hormone-positive cells were BrdU-negative ( Fig. 1) . Only occasional cells positive for both insulin and BrdU were detected in both controls and NIC-treated cultures. In four separate experiments, the mean labeling index for BrdU-positive nuclei was three times higher in NIC-treated cultures as compared with the controls (3.6 vs 1.2%, P < 0.01). In the same tissue sections, there was also a threefold increase in the cell surface area covered by insulin-positive cells (9.3 vs 3.1%, P < 0.01, neously measured levels of lactate dehydrogenase were consistently lower in the NIC-supplemented medium (Fig. 3) .
DNA synthesis and (3-cellfunction. Culture of ICCs for 7 d
with various concentrations of NIC led to a dose-dependent increase in insulin content and basal insulin release. Consequently, the ratio of insulin release to content remained unchanged. The response was threefold at 20 mM NIC. At least 5 mM NIC was required for a significant effect on the insulin levels (Fig. 4) . DNA synthesis was stimulated by NIC at a lower concentration range; 1 mM concentration was sufficient for a significant increase, and the effect was maximal (2.4-fold) at 5 mM. Higher concentrations did not further increase the DNA synthesis. In fact, thymidine incorporation was significantly lower at 20 mM, as compared with 5 or 10 mM NIC (Fig. 4) . In control cultures, monolayer formation was accompanied by a marked increase in the rate of DNA synthesis and a decrease in the insulin release after 7 d (Table II) (Table II) .
The acute insulin response ofICCs cultured for 7 d either in control medium or with 10 mM NIC was tested in a perifusion system. Insulin release from control ICCs was unresponsive to glucose alone, whereas the combination of 16.7 mM glucose and 10 mM theophylline induced a prompt response (Fig. 5  A) . In contrast, ICCs cultured with NIC had a significant fourfold first-phase glucose response. Although attenuated, there was also evidence of a second-phase response (Fig. 5 B) .
To determine whether the effects of NIC could be reproduced with other poly(ADP-ribose) synthetase inhibitors, the ICCs were cultured with 10 mM benzamide or 10 mM 3-aminobenzamide, in parallel with 10 mM NIC. Benzamide had an even stronger stimulatory effect on the insulin levels than NIC, Nicotinamkie (mM) Figure 4 . Response of insulin release (o) and content (., A) and DNA synthesis (B) to varying levels of NIC in the culture medium during a 7-d culture period. Data are the mean±SEM of 10-15 replicates from three separate experiments. Insulin release and thymidine incorporation were measured during the last 16 h as described in the Methods. *P < 0.05, as compared with the control medium (containing 8 ,M NIC) using one factor ANOVA and Fisher's PLSD test. whereas 3-aminobenzamide only stimulated the DNA synthesis but did not affect insulin content (Table III) .
Islet hormone gene expression. Insulin and glucagon mRNAs were abundantly present in the ICCs, whereas the level of somatostatin mRNA was clearly lower. The somatostatin transcripts were seen as two protected bands. NIC increased the transcriptional levels of all three hormones, but there was no obvious regulation of cyclophilin mRNA by NIC (Fig. 6) . After normalization against cyclophilin expression, the densitometrically determined mean fold increases were 1.8 (range = 1.4-2.8), 1.7 (range = 1.3-2.9), and 1.7 (range = 1. 1-2.2) for insulin, glucagon and somatostatin, respectively (P < 0.05 for all effects, Student's one-sample t test, n = 5).
Graft development. Human C peptide could be detected in the serum of nude mice 3-5 mo after transplantation of 500 control or NIC-treated ICCs under the kidney capsule. In animals receiving control ICCs, there was a 5.1-fold increase in the C peptide level 30 min after an intraperitoneal glucose challenge. The difference in responses between animals receiving control and NIC-treated ICCs was not statistically significant. Basal C peptide levels were also similar in both groups (Fig. 7) . Grafts of NIC-treated and control ICCs were morphologically similar, consisting of endocrine and ductal tissue. We have shown previously that 85% of the surface area of histological sections cut through the control grafts was immunoreactive when exposed to a cocktail of antibodies against the four islet hormones (insulin, glucagon, somatostatin, and pancreatic polypeptide) (Beattie, G. M., F. Levine, M. I. Mally, T. Otonkoski, J. S. O'Brien, and A. Hayek, manuscript submitted for publication.) Effects on adult human islets. The insulin content per cellular DNA of the adult islets was comparable to previously published data (26) . When cultured for 7 d with 10 mM NIC, the DNA content of the islets was increased by 62% (Table IV) . DNA synthesis, as measured by [ 3H] thymidine incorporation, was 30% of the level observed in fetal ICCs, and it tended to, be increased by NIC. The insulin content per cellular DNA of the adult islets was 40 times higher than in the fetal ICCs. In contrast to the experiments with fetal cells, the insulin content was similar in the two groups, and the insulin release was significantly lower in islets cultured with 10 mM NIC (Table IV) .
Discussion
Our experiments show that addition of NIC to the culture medium of human fetal pancreatic cells both increases the total cell number and the frequency of f cells. Thus, the total number of ( cells is increased by NIC. This could be caused either by the formation of new ,3 cells through differentiation or by increased survival of the 3 cells that were originally present. Our morphological observations strongly support the former possibility. The development of insulin-positive outgrowths from the undifferentiated epithelial cell clusters closely resembles the islet neogenesis that has been described in the rodent pancreas both in vivo (27) and in vitro (28). The observed increases in the transcription of the islet hormone genes by NIC, and the NIC-induced maturation of glucose-induced in- very small error bars are not shown. *P < 0.05; **p < 0.01; ***P < 0.001, as compared with control using Student's two-sample t test.
sulin secretion, further support the view that NIC induces true endocrine differentiation in the fetal pancreas. This is the first clear evidence for neogenesis ofhuman insulin-producing cells in culture. Until now, it has not been possible to reproduce in human tissue the proliferation, differentiation, and maturation of, cells that occurs during culture ofthe fetal rodent pancreas (29). The only previous study exploring the effects of NIC on cultured human fetal islets suggested an increase in cell mass, but no further conclusions could be drawn, possibly because of poor tissue viability (10). The marked NIC-induced improvement in the glucose sensitivity ofinsulin release is interesting, because significant development of a glucose-induced insulin response from human fetal cells has been previously shown only after engraftment into nude mice (30, 31) . Unlike fetal rat islets (32) , tissue culture of the human fetal pancreas in the presence of high glucose does not induce glucose sensitivity (33) . Growth hormone (34) In contrast with the results of Simpson and Tuch (37), we found that monolayer culture ofthe ICCs was associated with a decrease, and not an increase, in insulin production. This is in accordance with the general view that increased cell proliferation in vitro is inversely proportional to the stage ofdifferentiation, which is also true for insulinoma cell lines (38) . It is noteworthy that NIC treatment induced a simultaneous increase in the rate of DNA synthesis and the level of endocrine differentiation. However, it is evident that the DNA synthesis was mainly stimulated in the undifferentiated cells, whereas the BrdU labeling of hormone-containing islet cells was undetectable. This would suggest that NIC triggered a process in the uncommitted epithelial cells, which eventually resulted in the expression of an islet cell phenotype. Thus, the observed insulinotropic effects of NIC would mainly be caused by proliferation and differentiation of precursor cells, rather than a mitogenic effect on existing f cells. The functional maturation of the cells also supports this view.
Based on these observations, the effects of NIC should be different in the adult islets, because they consist mainly of fully differentiated endocrine cells. In our experiments, the DNA content of the adult islets was increased by NIC, suggesting a stimulatory effect on cell proliferation. However, in contrast to the fetal cells, this was accompanied by impairment of insulin release. These results are in good agreement with previous studies on adult rat islets, where increased cell replication was associated with adverse effects on ( cell function, specifically insulin release (8) . If the insulinotropic action of NIC was mainly caused by differentiation of undifferentiated islet precursor cells, which are presumably located within the ductal epithelium (39) , it would be understandable that this effect could not be detected in the isolated islets. It is not clear, whether islet cell neogenesis from such precursor cells could contribute significantly to the islet cell mass in the adult pancreas. However, this is one of the possible mechanisms to explain the beneficial effects ofNIC on the preservation ofinsulin secretion in experimental diabetes and in prediabetic individuals.
The effects of NIC could be reproduced with two other inhibitors of poly(ADP-ribose) synthetase, benzamide, and 3-aminobenzamide (40) , suggesting that decreased activity of this enzyme was the direct cause of the observed changes. The activity ofpoly(ADP-ribose) synthetase is linked with the level of cellular differentiation in several cell types. Evidence for this comes from experiments with preadipocytes (41), intestinal epithelial cells (42), chondrocytes (43) , teratocarcinoma cells (44) , and thymocytes (45) . In all of these cells, the ADP-ribosylating activity is lower in the more differentiated phenotype, and morphological evidence of differentiation is preceded by diminished activity of poly(ADP-ribose) synthetase. Furthermore, chondrocyte and teratocarcinoma cell differentiation can be triggered by inhibitors of the enzyme, such as NIC and 3-aminobenzamide (44, 46) . These effects are likely to reflect changes in the ADP ribosylation of nuclear proteins, resulting in modifications in chromatin structure that enable the transcription of previously masked regions of DNA. However, the precise genes responsible for differentiation remain elusive.
In addition to insulin, the transcriptional levels oftwo other islet hormones, glucagon and somatostatin, were also induced by NIC. This is in accordance with an action on the putative pluripotent islet stem cell. All four islet hormones are thought to arise from a common precursor, as evidenced by cell lineage analysis (47) . Cells expressing insulin together with glucagon, somatostatin, or pancreatic polypeptide can be detected after day 10 of mouse fetal development (47) , and such mixed cell types have recently also been identified in the midgestational human fetal pancreas (48) .
In summary, we have shown that morphological and functional differentiation of human pancreatic (3 cells can be induced by NIC in tissue culture of human fetal pancreas rich in undifferentiated cells. Thus, this tissue culture model may be useful in further studies to dissect the molecular mechanisms of islet cell differentiation. Although it is difficult to assess the possible clinical implications of our in vitro findings, NIC treatment of fetal islet cells intended for transplantation may increase the functional graft mass. Also, increased neogenesis of fl cells should be considered as a possible mechanism for the reported beneficial effect of NIC on the preservation of insulin secretion ( 14) . Further studies in vivo are required to clarify this issue.
